Management of metastatic renal cell carcinoma (mRCC) has evolved considerably in the past 10 years due to better understanding of tumor biology. This development has changed mRCC to a chronic progressive disease with several lines of treatment options. The introduction of several new targeted therapies including immunotherapy has improved median overall survival of approximately 1 year to >2 years in mRCC.
Introduction
In the past, metastatic renal cell carcinoma (mRCC) was considered a fatal disease with limited therapeutic options. This has changed dramatically in the past 10 years due to advances in the understanding of tumor biology converting it to a chronic progressive disease with several tiers of therapeutic options. The introduction of several new targeted therapies has improved survival from a median overall survival (OS) of approximately 1 year to >2 years [1] .
Eighty-five percent of all RCC are clear cell tumors and the rest include papillary, chromophobe, and oncocytoma, as well as other minor subtypes [2] . At the time of diagnosis, 20-30% of patients have metastatic disease upfront and about 20% will develop metastasis after being treated for an early-stage disease [3] . Metastatic RCC is one of the few tumors in which spontaneous tumor regressions were reported suggesting RCC to be an immunogenic tumor [4, 5] . Immune cells infiltrating the RCC tumor tissue suggested the role of the adaptive immune system leading to non-specific immunotherapy trials with interleukin-2 (IL-2) and interferon (IFN-α) [6, 7] . With response rates up to 30% and durable response rates up to 7%, immunotherapy was the only treatment option for RCC for many years [8] [9] [10] . mRCC being poorly responsive to chemotherapy thus opened up avenues for research of novel treatments that have altered the natural course of the disease [11, 12] .This review discusses the therapeutic advances in mRCC over the last decade with focus on potential future targets for therapy.
Molecular Pathogenesis
The initial insights into the molecular pathogenesis of clear cell RCC came from studies in von Hippel-Lindau (VHL) disease. von Hippel-Lindau (VHL) disease is an inherited, autosomal dominant syndrome with variable penetrance. The VHL gene was identified in 1993 and found to be a tumor suppressor gene, which is also present in sporadic forms of RCC [13] [14] [15] . VHL is characterized by the development of cerebellar and spinal hemangioblastomas, retinal angiomas, pheochromocytomas, and renal cysts and tumors. Clear cell RCCs develop in 40 to 60% of patients with VHL disease; these tend to be multicentric and bilateral with an unusually early age of onset.
The VHL gene has been mapped to chromosome 3p25 and cloned [13] . Its gene product, pVHL, functions as a tumor suppressor protein [16] .
There has been a lot of in-depth understanding of the biology that underlies the formation of VHL-associated tumors over the last two decades [16] [17] [18] [19] [20] . The VHL protein (pVHC) forms a stable complex with multiple other proteins including elongin B, elongin C, and cullin 2. This complex functions as an E3 ubiquitin ligase for many target proteins [hypoxia-inducible factor-1 alpha and 2 alpha (HIF-1 and HIF-2)] leading to their proteasomal degradation, thus regulating them within the cell [18] [19] [20] . HIF-1 and HIF-2 are two of the major proteins regulated by pVHL. Transcriptional activation by HIF requires the heterodimerization and nuclear translocation of alpha and beta subunits. The alpha subunits are sensitive to oxygen tension and act as a substrate for the pVHL protein complex. With normal oxygen tension, HIF-1a and HIF-2a are enzymatically hydroxylated which are then bound by the VHL protein complex and covalently linked to ubiquitin thereby rapidly being degraded by proteasomes. However during hypoxia, hydroxylation does not occur and thus failure of the VHL protein complex to bind to HIFa and HIF2a leading to a failure of ubiquitination. As a result, the increased levels of HIFa and HIF2a cause an increased mRNA transcription of a variety of proteins, thus inducing a physiologic angiogenic response. Loss of the sole functioning VHL allele in somatic tissues creates a situation analogous to hypoxia, despite the presence of normal oxygen tension [16, 17, 20, 21] inducing abnormal production of the factors that would be produced in conditions of physiologic hypoxia. pVHL also affects several other factors which have been implicated in the pathogenesis that are not regulated through the HIF-1alpha system. These targets include matrix metalloproteinases (MMP) such as MMP1, MMP inhibitors, and atypical protein kinase C [16, 19] .
The combined effect of various angiogenic factors and other growth factors creates an autocrine loop which provides the impetus for uncontrolled growth as suggested by the highly vascular CNS tumors found in VHL patients [22] . pVHL also regulates various other key intracellular processes like extracellular matrix control [23, 24] , microtubule regulation [25] [26] [27] [28] [29] [30] , cilia centrosome cycle control [25] [26] [27] [28] [29] [30] , and cell cycle control [31] [32] [33] [34] [35] [36] which are involved in the pathogenesis.
Treatment Strategies
IFN and IL-2 therapies consisted the backbone of systemic treatment in mRCC until 2005. The earliest evidence of these targeted agents comes from the RCTs designed in the cytokine era, most often following progression after interleukin (IL)-2 or IFN administered in the first-line setting. So, these agents were initially assessed in combination with or in comparison with cytokines to improve PFS and OS. Subsequently, the approval of VEGF/VEGFR inhibition as first-line treatment in mRCC led to the development of studies designed to assess both mTOR and VEGFR in the thirdline setting following failure of either two VEGFR inhibitors or one VEGFR TKI and everolimus. Five agents were approved as a first-line agent in mRCC, and two as secondline agents over the last decade. As a result of similar efficacies with the first-line agents, selection of a first-line agent is based on toxicity profiles of individual agents as well as physician preference [ Fig. 1 ].
Inhibitors of Vascular Endothelial Growth Factor Pathway
One of the earliest and most important agents to be approved in the treatment of renal cell carcinoma (RCC) is vascular endothelial growth factor (VEGF) pathway inhibitors. Available evidence supports the use of single-agent selective VEGF pathway inhibitors in previously untreated patients or patients who have progressed after prior therapy in advanced or metastatic RCC. In view of limited data comparing one against the others as a preferred option, the choice between them should be individualized based on patient preferences and toxicity profile. The approved agents are being discussed in the following section.
Sorafenib
In 2005, the U.S. Food and Drug Administration approved sorafenib-the first VEGF inhibitor to be approved for the treatment of patients with mRCC. Sorafenib is an orally active multikinase inhibitor. Sorafenib is a tyrosine kinase inhibitor (TKI) that targets the VEGF receptors (VEGFR), the PDGF receptor β (PDGFR β), the c-Kit protein (c-Kit), the FMS-like tyrosine kinase 3 (Flt-3), and the RET proto-oncogene, and has demonstrated inhibitory activity on cell proliferation and angiogenesis [37] .
Treatment Approaches in Renal Cancer Global Evaluation Trial (TARGET) was the pivotal trial that led to the approval of sorafenib as a second-line agent after cytokine failure. It was a randomized, double-blind, placebo-controlled phase III study of single-agent sorafenib in 903 cytokine-refractory patients [37] . More than 99% of patients in that trial were of MSKCC favorable or intermediate risk and the efficacy of sorafenib superior to that of placebo was noted in both risk groups. The median PFS was significantly longer in those receiving sorafenib compared with placebo (5.5 versus 2.8 months, HR 0.44, 95% CI 0.35-0.55).OS with sorafenib was not significantly prolonged compared with placebo (median 17.8 versus 15.2 months, HR 0.88, 95% CI 0.74-1.04). The primary endpoint of the study was overall survival (OS), and sorafenib failed to demonstrate superiority. However, the study allowed patients originally assigned to placebo to crossover and receive sorafenib, potentially obscuring differences in survival. The perception that older patients may be at higher risk than younger patients of toxic effects from therapy but may obtain less clinical benefit from it may be based on the underrepresentation of older patients in clinical trials and the known toxic effects of cytotoxic chemotherapy. This was addressed in a separate analysis of the TARGET trial which suggested sorafenib to be effective in older patients (≥ 70 years), as evidenced by a significant improvement in PFS (26 versus 14 weeks with placebo) [38] .
As a first-line agent, sorafenib was studied in a phase II trial of good-and intermediate-risk patients with previously untreated advanced RCC. Patients were randomly assigned to sorafenib (400 mg orally twice a day) or IFNa (9 million units three times per week). At progression, patients originally assigned to sorafenib were allowed to escalate the dose of sorafenib to 600 mg orally twice a day, while those who had been assigned to IFNa could be crossed over to sorafenib (400 mg twice a day). Sorafenib and IFN-had similar PFS (5.7 versus 5.6 months, HR 1.14, 95% CI 0.61-1.27) but sorafenib-treated patients had greater rates of tumor size reduction, better quality of life, and improved tolerability to dose escalation to 600 mg twice a day in patients who were tolerating 400 mg twice a day and was associated with an additional period of PFS of 4 months [39, 40] . However, additional evidence is required to determine whether this approach has a role in the management of patients with advanced RCC.
Sunitinib
Shortly after sorafenib, the FDA granted sunitinib accelerated approval in January 2006 based on responses in patients with mRCC who had failed cytokine therapy and regular approval in February 2007 for the first-line treatment of patients with advanced RCC or mRCC [41, 42] . Sunitinib is an oral multitargeted receptor tyrosine kinase inhibitor which inhibits the VEGF receptor TK as well as other TKs associated with the platelet-derived growth factor (PDGF) receptor, Flt-3, and ckit oncogene [43, 44] .The trial that led to the full approval of sunitinib was a randomized phase III study that compared single-agent sunitinib with IFN-α in 750 previously untreated patients with largely good-or intermediate-prognosis metastatic clear cell RCC. Patients were randomly assigned to sixweek cycles of sunitinib (50 mg daily for 4 weeks, followed by 2 weeks off) or IFN-α (9 million units three times per week). The primary endpoint was PFS, and the median was significantly longer in the sunitinib arm at 11 months than in the IFN-α arm at 5 months (p = 0.001) [44] . Sunitinib showed a higher objective response rate than what was seen in those treated with IFN-a (47 versus 12%; p = 0.001) [45] . The final survival analysis showed a marginally greater median OS time with sunitinib than with IFN-α (26.4 versus 21.8 months, respectively; p = 0.051). The confounding effects of crossover was accounted in an exploratory analysis and it suggested that the OS time was significantly longer with sunitinib than with IFN-α (26.4 versus 20.0 months, respectively; p = 0.036). In addition, a separate exploratory analysis of patients who did not receive post-study cancer treatment showed that the median OS time with sunitinib was double that with IFN α (28.1 versus 14.1 months, respectively; p = 0.003) [45] .
A randomized trial that included 292 patients with advanced RCC compared the schedule of sunitinib, i.e., the 50-mg 4-week-on/2-week-off schedule with continuous daily Fig. 1 Chronology of FDA approval of molecular-targeted agents in metastatic renal cell carcinoma treatment (37.5 mg/day). Although continuous dosing resulted in a lower time to progression compared with the 6-week dosing schedule (median 7.1 versus 9.9 months, HR 0.77, 95% CI 0.57-1.04), there were no differences in OS (23.1 versus 23.5 months, respectively) and the rate of adverse events suggesting the standard dose schedule to be used for patients who are candidates for sunitinib [46] . Even though there is limited data available, sunitinib appears to be efficacious regardless of age. A retrospective study with over 1000 patients reported no significant differences in PFS (median 11 versus 10 months) and OS (26 versus 24 months) among patients < 70 and ≥ 70 years, respectively, when sunitinib was administered in the first-line setting [41] . In comparison to younger patients, patients 70 years and older experienced significantly more treatment-related toxicities, including fatigue (69 versus 60%), peripheral edema (27 versus 17%), and thrombocytopenia (25 versus 16%). So, the use of sunitinib among older patients should be based on considerations of the treatment-related risks and the goals and preferences of the individual patient.
Pazopanib
Pazopanib is an oral multikinase inhibitor targeting VEGF, platelet-derived growth factor (PDGF), and Kit receptors. The activity of pazopanib in mRCC evaluated in a phase 3 study in 2010 which enrolled 435 patients randomly assigned to pazopanib or placebo, all of whom had good-or intermediate-risk disease. Approximately one half were treatment-naïve and one half had received prior cytokine therapy. Pazopanib arm showed a significant increase in progressionfree survival (median, 9 versus 4 months, hazard ratio [HR] for recurrence 0.46, 95% CI 0.34-0.62).This benefit was seen in both the treatment-naïve as well as the cytokine-pre-treated subpopulation [treatment-naive arm (11.1 vs. 2.8 months) as well as the cytokine-treated arm (7.4 vs. 4.2 months)] [47] . However, the lack of benefit in overall survival in this study could be attributed to the high rate of crossover and to the use of other treatments after disease progression in patients on the placebo arm. Head-on comparison of pazopanib with sunitinib suggested pazopanib to be non-inferior to sunitinib in terms of PFS and well tolerated by patients, with significantly less fatigue, hand-foot syndrome, thrombocytopenia, and other markers of safety and quality of life as demonstrated in two randomized trials [48, 49] .
Cabozantinib
Cabozantinib is a small-molecule multikinase inhibitor which targets the VEGF receptor. It also inhibits the MET and AXL genes, which are associated with a poor prognosis and the development of resistance to VEGF inhibition. The phase III METEOR trial randomized 658 previously treated mRCC patients (progressed after receiving prior VEGF TKI therapy) to receive either cabozantinib (60 mg/day) or everolimus (10 mg/day). The interim analysis at a minimum follow-up of 11 months in the first 375 patients suggested progressionfree survival to be significantly longer with cabozantinib compared with everolimus (median, 7.4 versus 3.8 months, HR 0.58, 95% CI 0.45-0.75), and there was a trend toward longer overall survival with cabozantinib compared with everolimus (HR 0.67, 95% CI 0.51-0.89). The objective response rate, based upon independent radiologic review, was also significantly higher with cabozantinib (21 versus 5%). The toxicity in patients on the cabozantinib arm was significant, with 68% of patients experiencing a grade 3 or 4 event compared to 58% in the everolimus arm. The most frequent of such events were hypertension and diarrhea (15 and 11%, respectively). Adverse events required dose reductions in 60 and 25% of patients, respectively, and discontinuation due to an adverse event occurred in 9 and 10% of patients, respectively [50] .
Axitinib
Axitinib is a selective orally available inhibitor of the VEGF receptors 1, 2, and 3, as opposed to sorafenib, sunitinib, and pazopanib which have multiple targets. Axitinib demonstrated higher response rates and more toxicity than sorafenib in randomized clinical trials. However, it has not been compared with pazopanib or sunitinib in the first-line setting or with cabozantinib in the second-line setting. The AXIS study was a phase 3 RCT comparing axitinib to sorafenib in patients with mRCC that progressed despite treatment with sunitinib, bevacizumab plus IFN, temsirolimus, or cytokines. Median PFS was superior with axitinib compared to sorafenib (8.3 versus 5.7 months) [51, 52] . This improved PFS seen in the second-line setting axitinib led to its evaluation as a first-line agent in a multicenter randomized trial in which 288 patients were randomly assigned to treatment with axitinib (5 mg twice a day) or sorafenib (400 mg twice a day). Axitinib resulted in a trend toward improved PFS (10 versus 6.5 months, HR 0.77, 95% CI 0.56-1.05) and a higher ORR (32 versus 15%) with higher rates of toxicity, including diarrhea (50 versus 40%), hypertension (49 versus 29%), weight loss (37 versus 24%), fatigue (33 versus 26%), and anorexia (29 versus 19%) [53] .
Inhibitors of mTOR Pathway
Temsirolimus After the success of sorafenib and sunitinib, temsirolimus, an mTOR inhibitor, was also approved for mRCC in 2007. In a phase III trial, 626 previously untreated patients were randomly assigned to temsirolimus, temsirolimus plus interferon-alfa (IFNa), or IFNa monotherapy. Most patients had three out of six poor prognostic factors and only 80% of patients enrolled had ccRCC, which is a different patient population than most other studies. Temsirolimus significantly prolonged the median overall survival compared with IFNa as a single agent (10.9 versus 7.3 months, hazard ratio [HR] for mortality 0.73, 95% CI 0.58-0.92). There was no additional benefit from combining temsirolimus with IFNa [54] . BEST trial (E2804) of 361 patients who had not received prior targeted therapy in which the patients were randomly assigned to bevacizumab as a single agent, bevacizumab plus temsirolimus, bevacizumab plus sorafenib, or sorafenib plus temsirolimus showed none of the combination regimens to be better compared with bevacizumab monotherapy. Rather, the two combinations incorporating temsirolimus had a worse therapeutic index compared with bevacizumab monotherapy [55] . As a second-line agent as in the INTORSECT trial of 512 patients who had progressed on sunitinib, temsirolimus was less active than sorafenib with overall survival being shorter (median, 12.3 versus 16.6 months, HR 1.31, 95% CI 1.05-1.63) [56] .
Everolimus
Everolimus is an orally administered mTOR inhibitor. Although everolimus has activity in patients with advanced RCC, randomized trials using active rather than placebo comparators have not established a role as either initial therapy or second-line therapy. RECORD-3 trial which randomized 471 previously untreated patients to either everolimus or sunitinib showed PFS-the primary endpoint to be worse with everolimus (7.9 versus 10.7 months, HR 1.4, 95% CI 1.2-1.8).
Overall progression-free survival after crossover to sunitinib following everolimus was inferior to sunitinib followed by everolimus (21.1 versus 25.8 months) [57] .
Immunotherapy of Renal Cell Carcinoma
Since the time William Coley reported that an injection of killed bacteria into sites of sarcoma could lead to tumor shrinkage, significant advances in the understanding of the relationship between immune surveillance and tumor growth and development have been made. Removal of primary renal cell carcinomas (RCCs) can evoke an immune response that occasionally results in spontaneous and dramatic remissions in metastases, particularly in the lung. These observations were followed by the clinical demonstration of antitumor activity with the cytokine interleukin-2 (IL-2) and interferon-alfa (IFNa), although only a minority of patients derived major clinical benefit.
Immunotherapy with monoclonal antibodies directed against the programmed cell death 1 (PD-1) protein has become an integral part of the management of advanced melanoma and non-small cell lung cancer, and these findings are now being extended to a large number of other malignancies, including advanced RCC.
High-dose bolus IL-2 remains an option for carefully selected favorable-prognosis patients with access to this form of therapy. Nivolumab has an established role for patients who had been treated with a vascular endothelial growth factor (VEGF) receptor inhibitor regardless of whether they had received high-dose IL-2. Additional trials with nivolumab and other checkpoint inhibitors are extending these findings and will be required to define the optimal way to integrate these agents into patient management.
Nivolumab and Checkpoint Inhibition Nivolumab is an antiprogrammed cell death-1 (PD-1) antibody that has received regulatory approval for patients with advanced melanoma and non-small cell lung cancer based upon a demonstration of improved overall survival. CheckMate 025 trial-a phase III trial which randomized 821 patients to nivolumab (3 mg/kg every 2 weeks) or everolimus (10 mg/day) and all patients had received one or two prior anti-angiogenic therapies (72 and 28%, respectively) with sunitinib, pazopanib, or axitinib (59, 30, and 12%, respectively). The trial was stopped early based upon improved overall survival in a planned interim analysis. With a minimum follow-up of 13 months, the OS was significantly increased with nivolumab compared with everolimus (median, 25.0 versus 21.8 months, hazard ratio [HR] 0.73, 95% CI 0.57-0.93) with no difference in PFS (median, 4.6 versus 4.4 months, HR 0.88, 95% CI 0.75-1.03). There was less grade 3 or 4 toxicity with nivolumab compared with everolimus (19 versus 37%). The most frequent adverse event in patients treated with nivolumab was fatigue, which was present in 33% of patients, but was severe (grade 3 or 4) in only 2% of cases. The most frequent adverse event with everolimus was fatigue (88%), and the most frequent grade 3 or 4 toxicity was anemia (8% of cases). Expression of the PD-1 ligand 1 (PD-L1) on tumor cells was not associated with benefit to nivolumab, and those with ≥ 1% expression and those with < 1% expression had a similar benefit compared with everolimus [58] .
Pembrolizumab
Pembrolizumab is another PD-1-targeted antibody that has received regulatory approval in patients with advanced melanoma. There are two randomized phase II trials are being conducted in patients with advanced RCC to determine whether pembrolizumab has a role in patients with advanced RCC-one (NCT02089685), pembrolizumab is being evaluated alone and in combination with pegylated interferon-alfa (IFNa) and, in the other (NCT02014636), pembrolizumab is being studied alone and in combination with pazopanib.
Atezolizumab
Atezolizumab, a monoclonal antibody that targets the PD-1 ligand, has also demonstrated activity in patients with advanced RCC and is undergoing further development. A phase II trial (NCT01984242) randomly assigned 305 previously untreated patients with locally advanced or metastatic RCC to one of three arms: atezolizumab with or without bevacizumab versus sunitinib with crossover from the single-agent arms to the combination of atezolizumab plus bevacizumab permitted at time of progression, the results of which are awaited. A phase III study of atezolizumab and bevacizumab compared with sunitinib in previously untreated metastatic RCC patients is underway to evaluate the clinical efficacy of this combination in the firstline setting (NCT02420821).
Conclusions
The advent of targeted therapies in mRCC has revolutionized the management of the disease and improved the outlook for patients. With the current generation of VEGFR TKIs and mTOR inhibitors, a plateau in terms of PFS and OS has been achieved. Despite several attempts, combination therapy of currently approved targeted drugs did not benefit in comparison with single agent. Therefore, there is a need to sequence available agents properly and to integrate the novel agents under development to meet the challenge of improving survival in mRCC.
